The Bordetella pertussis BrkA protein protects against the bactericidal activity of complement and antibody; however, some individuals mount an immune response that overcomes this bacterial defense. To further characterize this process, the bactericidal activities of sera from 13 adults with different modes of exposure to B. pertussis (infected as adults, occupational exposure, immunized with an acellular vaccine, or no identified exposure) against a wild-type strain and a BrkA complement-sensitive mutant were evaluated. All of the sera killed the BrkA mutant, suggesting past exposure to B. pertussis or cross-reactive organisms. Several samples had no or minimal activity against the wild type. All of the sera collected from the infected and occupationally exposed individuals but not all of the sera from vaccinated individuals had bactericidal activity against the wild-type strain, suggesting that some types of exposure can induce an immune response that can overcome the BrkA resistance mechanism. Adsorbing serum with the wild-type strain removed the bactericidal antibodies; however, adsorbing the serum with a lipopolysaccharide (LPS) mutant or an avirulent (bvg mutant) strain did not always result in loss of bactericidal activity, suggesting that antibodies to either LPS or bvg-regulated proteins could be bactericidal. All the samples, including those that lacked bactericidal activity, contained antibodies that recognized the LPS of B. pertussis. Bactericidal activity correlated best with the presence of the immunoglobulin G3 (IgG3) antibodies to LPS, the IgG subtype that is most effective at fixing complement.
Complement has important activities that can enhance immune clearance of bacteria. C3b deposited on the bacterial surface is a powerful opsonin, the complement cleavage products (C4a, C3a, and C5a) up-regulate the immune response, and the terminal complement components (C5 to C9) form the membrane attack complex. Insertion of the membrane attack complex into the cytoplasmic membrane can kill gram-negative bacteria (25, 36) .
Complement is present in serum, but it is also exuded from the blood to mucosal surfaces (28) . Mucosal pathogens have mechanisms to resist complement (6, 11, 19, 25, 36) . Vibrio cholerae and Bordetella pertussis are both mucosal pathogens that produce potent toxins that contribute to the disease. Immunity to cholera does not correlate with immune responses to cholera toxin. However, the vibriocidal assay, which measures the ability of serum to kill V. cholerae by antibody-mediated complement fixation, has been correlated with immunity to cholera as well as immunity from asymptomatic colonization (11) . No serologic correlate of immunity to whooping cough has been established (13, 20) , and we have begun to investigate if complement might play a role in immunity to B. pertussis.
In general, the complement cascade can be activated by either of two pathways: carbohydrates on bacterial surfaces (such as lipopolysaccharide [LPS] ) can activate the alternate pathway (6, 25, 36) , while deposition of antibody on a bacterial surface can activate the classical or primarily antibody-dependent pathway of complement. The alternate pathway does not appear to mediate bactericidal activity against B. pertussis (7). Antibodies to B. pertussis can activate the classical pathway, but the BrkA protein confers resistance to killing by complement (7) . BrkA is a 73-kDa protein with extensive homology to pertactin (7) . Both promote attachment to human cells, but only BrkA mediates resistance to killing by complement (7) . The resistance to complement afforded by the BrkA protein is not absolute, however. We have found that some individuals produce bactericidal antibodies that can overcome these bacterial defenses and kill the resistant strains.
LPS can mediate either protection or susceptibility to complement killing. For example, in enteric bacteria the long, highly polymerized polysaccharide (O-chain) of the LPS on smooth strains protects the bacteria from complement, while rough mutants lacking the sugar repeats are killed (10, 25, 36) . The LPS of B. pertussis has a simpler structure, consisting of lipid A, core polysaccharide, and a single O-chain trisaccharide (2, 18) . B. pertussis can express two forms of LPS: band A, consisting of lipid A, core, and the O-chain; or band B, a partial structure consisting of lipid A and core lacking the O-chain (4, 20, 31) . The designation LOS (lipooligosaccharide) is sometimes used to indicate this distinction. Other important mucosal pathogens lacking polymerized LPS include Haemophilus influenzae, Neisseria meningitidis, Neisseria gonorrhoeae, Moraxella (formerly Branhamella) catarrhalis, Campylobacter coli, and Campylobacter jejuni (5, 31) . Unlike the highly polymerized LPS of the enteric bacteria, the LPS of B. pertussis does not appear to protect from complement killing, since monoclonal antibodies to band A LPS have been shown to be bactericidal (35) . Monoclonal antibodies to the outer membrane protein, pertactin, have also been shown to be bactericidal (12) .
In this study we characterized human serum to identify the antibodies capable of mediating a bactericidal response to B. pertussis. Some, but not all, antibodies to LPS are bactericidal, and killing seems to correlate with the efficiency with which the Fc region of the antibody fixes complement. Antibodies to some bvg-regulated virulence factors are bactericidal.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains used in this study are described in Table 1 . All are derivatives of BP338. Bacteria were grown at 37°C on Bordet-Gengou agar (BGA) or in Stainer Scholte (SS) agarose supplemented with 0.15% bovine serum albumin as previously described (7, 8) . The antibiotics nalidixic acid and kanamycin were used at 30 and 50 g/ml, respectively. Antisera. Individual human serum samples were obtained from adult volunteers. Serum with intact complement was stored at Ϫ70°C. The 13 subjects had had different modes of exposure to B. pertussis. Subjects convalescing from clinical pertussis were participants in a "Pertussis in Families" study conducted in St. Louis, Missouri. All four (three female and one male) of these subjects were over 30 years of age and had had clinical whooping cough of over 30 days' duration at the time of sample collection. All subjects had received antibiotic therapy during their illness. All subjects had serologic evidence of recent infection based upon their antibody response to pertussis toxin, fimbrial hemagglutinin (FHA), pertactin, and fimbriae as previously described (23) . Vaccine recipients were adults between the ages of 18 and 50 years who had received one intramuscular dose of a two-component acellular vaccine containing pertussis toxoid and FHA 1 month prior to serum sampling. A single booster dose of acellular vaccine is the anticipated regimen of adolescents and adults. Four subjects had no known exposure. Two subjects (including one vaccine recipient) were laboratory workers with occupational exposure.
Commercially prepared guinea pig serum was used as a source of complement. It was difficult to obtain blood products that lack antibodies to B. pertussis. B. pertussis is a strict human pathogen, but it shares cross-reactive antigens with a closely related species, Bordetella bronchiseptica (a common pathogen of domestic animals), and other bacterial species. Serum from several rats and mice and ten different guinea pig samples were screened. Many of the samples reacted with B. pertussis antigens on a Western blot and had very good bactericidal activity. Sigma guinea pig serum, lot 116H9412, had only faint reactivity to a single 45-kDa protein expressed by both Bvg ϩ and Bvg Ϫ strains when examined by Western blotting and was used in these studies.
Radial diffusion assay to measure complement-mediated killing. The radial diffusion assay described previously was used to measure complement-mediated killing (8, 9) . Larger zones correspond to greater killing and higher titers as determined by serial dilution experiments (data not shown). In this assay, overnight cultures on BGA were harvested in SS broth to an optical density at 600 nm (OD 600 ) of approximately 0.2, and 0.2 ml of this suspension was added to 10 ml of molten (52°C) 1% agarose in SS broth and 0.15% bovine serum albumin. The agarose was dispensed into an Integrid square petri dish and allowed to harden. Holes (3 mm in diameter) were made with an aspirator punch, and 5 l of sample was added to each hole. The plates were incubated at room temperature until the serum diffused into the agar. The plates were overlaid with 10 ml of SS agarose without bacteria and incubated at 37°C. The resultant zones of inhibition were read 24 to 48 h later with a Bausch and Lomb metric scale and a stereomicroscope at ϫ7 magnification. As a point of reference, in other studies sample 13 was used in a liquid serum killing assay (9) . In this assay, 10 7 bacteria were incubated in 20% serum for 1 h at 37°C. Complement activity was halted by diluting the organisms 10-fold in phosphate-buffered saline (PBS) containing 10 mM EDTA, and further serial dilutions were performed. About 1% of the wild-type cells survived, but only 0.01% of mutant BPM2041 cells survived. Killing has never been observed when only heat-inactivated samples were present, suggesting an obligatory role for intact complement in these assays.
Adsorption studies to selectively remove antibodies to surface antigens. Intrinsic complement activity, which might lyse the bacteria, was removed by heating the serum at 56°C for 30 min. An approximately equal volume of serum was added to a packed pellet of live bacteria, and the antibodies were allowed to bind to the bacteria during incubation for several hours on ice. The bacteria and any antibodies bound to them were removed by centrifugation. After three incubations with fresh bacteria for a total of 24 h, the serum was filter-sterilized and stored frozen.
SDS-PAGE and immunoblotting. Samples (5 to 10 l) of bacterial cells suspended in PBS at an OD 600 of 8 were added to equal volumes of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer. The samples were boiled for 5 min prior to being subjected to discontinuous SDS-PAGE on a Mini Protean II gel system by using 1-mm spacers (Bio-Rad, Richmond, Calif.) with 10 to 15% acrylamide in the running gel and a 5% stacking gel under conditions recommended by the manufacturer. Ten percent acrylamide was used to detect proteins, and 15% gels were used for detection of LPS to get good separation in the 20-kDa range, where B. pertussis LPS migrates. Gels were blotted onto Immobilon-P polyvinylidene difluoride membranes (Millipore, Bedford, Mass.) by using a Fisher (Pittsburgh, Pa.) model FB-SDB-2020 semidry blotting unit according to the manufacturer's recommendations. Proteins were detected by chemiluminescence by using the Dupont Western blot Renaissance kit (NEN Research Products, Boston, Mass.). When antibodies to LPS were characterized, bacterial cells were solubilized by boiling for 10 min in SDS-PAGE loading buffer and incubated with proteinase K at 5 g per ml overnight at 37°C (as recommended by the manufacturer, Sigma, St. Louis, Mo.) to remove the protein antigens.
To subtype the human antibodies by Western blotting, the blots were incubated with the human serum used at a 1:625 dilution and then with antibody specific for the Fc region of human immunoglobulin (used at a 1:150,000 dilution). All commercial antibodies were used at the dilutions recommended by the manufacturer. Human isotype-or subtype-specific mouse monoclonal antibodies were purchased from ICN, Aurora, Ohio, or Harlan Scientific, Indianapolis, Ind. Specifically, immunoglobulin A (IgA) (69-086; ICN) was diluted to 1:2,000, IgM (63-439; ICN) was diluted to 1:2,000, IgG1 (59398; ICN) was diluted to 1:500, IgG2 (070397; Harlan) was diluted to 1:500, IgG3 (59400; ICN) was diluted to 1:50, and IgG4 (91034; ICN) was diluted to 1:2,000. Peroxidase-conjugated goat anti-mouse IgG (55550; ICN) diluted to 1:69,000 was used to detect mouse monoclonal antibodies.
ELISA technique. Enzyme-linked immunosorbent assay (ELISA) to quantitate isotype-specific antibodies to pertussis toxin, FHA, pertactin and fimbriae (types 2 and 3) was performed as previously described (21, 23, 24) .
RESULTS
Characterization of bactericidal activity of human serum samples. The bactericidal activity of serum from 13 adults with different modes of exposure to B. pertussis was examined by using a radial diffusion assay (Fig. 1) . Samples 1 to 4 were convalescent-phase sera collected from patients diagnosed with pertussis. Samples 5 to 8 were obtained from vaccinated adults 30 days after they had received a two-component pertussis toxoid and FHA acellular vaccine. Samples 9 to 12 were obtained from individuals who had neither recollection of exposure nor disease and had not been vaccinated as adults. Two individuals, volunteers 13 and 6 (one of the acellular vaccine recipients), were laboratory workers who had been occupationally exposed to B. pertussis but had no history of clinical pertussis. Since these samples were not collected or stored in a manner that would preserve endogenous complement, 50% guinea pig serum was added as a source of complement. The heat-inactivated human samples were devoid of activity. The guinea pig serum did not have bactericidal activity (Fig. 1 , sample C) when added alone but did promote killing when mixed with the human serum samples.
All of the sera (Fig. 1 , samples 1 to 13) killed the BrkA mutant. Previously we have shown that killing of B. pertussis by complement is antibody dependent (7) , and this observation suggests that all of these adults had past exposure to B. pertussis or to cross-reactive microorganisms. Seven samples (Fig.  1 , samples 6 to 12), including those collected from the four individuals with no known recent exposure to B. pertussis, lacked or had very weak bactericidal activity against the wildtype strain, suggesting that the BrkA resistance mechanism inhibited the bactericidal activity of these sera. In general, the wild-type strain (Fig. 1, BP338 ) was more resistant to complement than the BrkA mutant ( Fig. 1; BPM2041 ) as demonstrated by the lack of an inhibition zone or the smaller zone diameter. This difference was not as apparent in sera collected from individuals who were convalescing from infection with B. pertussis, suggesting that infection can induce a bactericidal Western blot analysis of serum samples. Western blot analysis was used to determine the number and identity of the antigens recognized by these sera (Fig. 2) . As suggested by the presence of bactericidal activity, all of the samples recognized several B. pertussis antigens. Multiple virulence factors, including the toxins pertussis toxin, adenylate cyclase toxin, and the dermonecrotic toxin and adhesins (FHA, pertactin, tracheal colonization factor, BrkA, and fimbriae), of B. pertussis are coordinately regulated by the bvg locus. Strains with mutations in bvg are unable to produce these factors and are avirulent in animal models (38) . Some of the antibodies appear to recognize proteins common to both Bvg ϩ and Bvg Ϫ strains (Fig. 2 , samples 1 to 12, both lanes), and some are specific for proteins produced by the Bvg ϩ strains (Fig. 2 , samples 1 to 12, right lanes).
The presence of antibodies to LPS was also examined by Western blotting. Proteinase K treatment was used to eliminate comigrating protein antigens. Most of the samples reacted with an approximately 20-kDa proteinase K-resistant band (Fig. 3 ) that was present in the wild-type strain (BP338) but absent in mutant MLT7 (37) , which fails to express band A LPS. Some sera reacted with proteinase K-resistant bands in both strains, suggesting that they were not band A (full-length) LPS.
Adsorption to remove antibodies to surface determinants. Sample 13 was chosen for further characterization because it had good bactericidal activity and was our most abundant sample. In the Western analysis, this serum gave an especially strong reaction to LPS, as demonstrated by the reactivity to a proteinase K-resistant band (Fig. 4D, lane 2) that was lacking in the LPS mutant MLT7 (data not shown). In addition, this sample contained antibodies to several high-molecular-weight Bvg ϩ antigens ( Fig. 4A and C ; compare lanes 2 and lanes 1). Since this sample recognized many bacterial antigens, it is not possible to attribute bactericidal activity to any single class of antibodies without fractionating the sample. Adsorption was used to selectively remove antibodies to surface determinants. Heat-inactivated serum was added to a packed bacterial pellet, and the antibodies were allowed to bind to the bacteria. The bacteria and any antibodies bound to them were removed by centrifugation. This treatment did not result in proteolysis of the immunoglobulin molecules, since treated and untreated serum samples were identical in Western blots probed with goat anti-human IgG (data not shown). Adsorption with bacterial mutants lacking specific surface determinants should enrich for antibodies that recognize the missing bacterial components.
Adsorption with BP338, a wild-type strain, would be predicted to remove all antibodies to surface determinants present on wild-type B. pertussis. When compared to control serum (Fig. 4A ), serum adsorbed with BP338 (Fig. 4B ) lacked antibodies to several bands with molecular masses of greater than 80 kDa as well as some smaller bands, including the LPS band. Similarly, incubation with BP347, a Bvg Ϫ mutant, should remove antibodies to surface determinants common to virulent and avirulent strains, but not antibodies to Bvg ϩ antigens. After adsorption with this strain, the intensity of the LPS band was reduced; however, the Bvg ϩ high-molecular-weight bands were still present (Fig. 4C) . Incubation with MLT7, the LPS mutant, should give a pattern very similar to that of BP338 but with retention of the LPS antibodies. The higher-molecularweight Bvg ϩ bands were lost after this treatment, but the intensity of the LPS band was not changed (Fig. 4D) . Bactericidal activity of adsorbed serum. The heat inactivation step used to destroy endogenous complement had only a slight effect on the bactericidal antibody activity. In one assay with the wild-type strain, the untreated sample gave a zone size of 6.3 mm by using the endogenous human complement and a zone size of 6.2 mm after heat inactivation when guinea pig serum was added as a source of complement. The absorbed sera were characterized for bactericidal activity (Fig. 5) . Serum that was adsorbed with the Bvg ϩ strain, BP338 (Fig. 5C ), or the Bvg Ϫ strain, BP347 (Fig. 5D ), lacked bactericidal activity against either the wild-type strain or the BrkA mutant serumsensitive strain. These results suggest that a shared epitope is the target of the bactericidal antibodies. Pertussis toxin, adenylate cyclase toxin, dermonecrotic toxin, FHA, pertactin, pili, BrkA, and tracheal colonization factor are not shared epitopes and could not have been the source of bactericidal antibodies in this sample. In contrast, the sera adsorbed with MLT7, the LPS mutant (Fig. 5E ), retained bactericidal activity against the wild-type and serum-sensitive strains but MLT7 was protected, suggesting that the terminal trisaccharide of band A LPS is at least one target of bactericidal antibodies.
Quantitative ELISA. ELISA was used to quantitate the levels of isotype-specific antibodies to pertussis toxin, FHA, pertactin, and fimbriae and to assess the effect of the adsorption on serum antibody levels (Fig. 6 ). The individuals with no known exposure to pertussis had low levels of or no IgG or IgA antibodies to these four determinants. The infected and vaccinated individuals all had a significant IgG response to pertussis toxin. Antibodies to pertussis toxin did not appear to be bactericidal, since some samples (Fig. 6 , samples 7 and 8) had high levels of antibodies to pertussis toxin but lacked bactericidal activity (Fig. 1, samples 7 and 8) . Similarly, antibodies to FHA did not appear to be bactericidal since all of the vaccinated individuals (volunteers 5 to 8) had high titers to FHA yet only sample 5 possessed bactericidal activity.
Bactericidal antibodies in other sera. Preliminary adsorption studies were performed to characterize the bactericidal antibodies in the serum samples from the convalescent-phase sera, samples 1 to 4. The limited amounts of these samples and the comparatively large volumes needed for the bactericidal assays did not permit as extensive a characterization as that performed with sample 13, and the values from one experiment are reported. The heat inactivation step reduced killing for the wild-type strain for some of the samples, but activity 5 . Bactericidal antibodies in sample 13. Bactericidal activities against BP338 (wild-type strain), BPM2041 (BrkA complement-sensitive mutant strain), and MLT7 (LPS mutant strain) were tested by using the radial diffusion assay as described in the legend for Fig. 1 . Each sample contained 50% guinea pig serum and 50% test serum (described in Fig. 4) . A, PBS control; B, heat-inactivated serum sample 13; C, serum sample 13 adsorbed with wild-type, Bvg ϩ (virulent), strain; D, serum sample 13 adsorbed with the Bvg Ϫ (avirulent) strain; E, serum sample 13 adsorbed with MLT7 (LPS mutant strain). The killing by the heatinactivated serum (panel B) was found to be significantly different from those by the samples shown in panels A, C, and D for all three strains when tested by t test. The killing by the serum adsorbed with MLT7 (panel E) was found to be significantly different from those by the samples shown in panels A, C, and D for strains BP338 and BPM2041 but not for strain MLT7 when tested by t test.
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BACTERICIDAL ANTIBODIES TO B. PERTUSSIS 1427 against BPM2041, the serum-sensitive mutant, was retained. In all cases, adsorption with the wild-type strain (BP338) removed the bactericidal activity. In contrast to serum sample 13, collected from the occupationally exposed individual (Fig. 5) , all of the convalescent-phase sera retained bactericidal activity after adsorption with the Bvg Ϫ mutant, BP347 (Fig. 7) , suggesting that these antibodies recognized Bvg-regulated virulence factors. In addition, samples 1 and 3 and to a small extent sample 2 retained bactericidal activity after adsorption with the LPS mutant, MLT7 (Fig. 7) .
Antibodies to LPS appeared to mediate bacterial killing in samples 1, 2, 3, and 13; however, samples without bactericidal activity also contained antibodies to LPS (Fig. 3) . We examined the class and subtypes of antibodies to LPS. Figure 8 shows a representative Western blot demonstrating a positive antibody response to LPS, as indicated by the diffuse bands present in lanes 1 and 2 (containing whole wild-type cells and proteinase K-treated wild-type cells, respectively) that are absent in lanes 3 and 4 (containing whole LPS mutant cells and proteinase K-treated LPS mutant cells, respectively). In addition, some bands were common to both strains, suggesting the existence of an IgG3 response to common antigens.
IgM antibodies activate complement very well, while IgA is not effective at activating complement. In humans, IgG3 activates complement better than IgG1, which in turn activates it better than IgG2. IgG4 does not activate complement. As seen in Table 2 , almost all of the samples had IgG1 antibodies to LPS. Most of the samples with good bactericidal activity against the wild-type strain also had IgM or IgG3 antibodies to LPS. None of the samples had IgA antibodies to LPS.
DISCUSSION
A pertussis vaccine could prevent disease either by neutralizing toxin activities of B. pertussis or by eliminating the microbe. The current whole-cell and the new acellular vaccines seem to protect from severe disease but not necessarily from infection by the bacterium (1, 13, 23, 29, 30 ). They probably function by reducing the bacterial load or neutralizing toxin effects. However, elimination of the bacteria, if possible, is a better vaccine strategy, since infected individuals with subclinical disease can infect susceptible individuals who could develop fulminating disease.
We have examined human serum for the presence of antibodies that promote killing by complement, an immune response that could eliminate the bacteria from infected individuals. While the BrkA protein of B. pertussis confers resistance to killing by the antibody-dependent pathway of complement (7), some individuals generate an immune response that can overcome this resistance mechanism. Our sample size was small, but this study suggests that infected individuals are more likely to generate a bactericidal response than adults vaccinated with the two-component vaccine.
B. pertussis has multiple antigenic states. The bvgAS genes positively control expression of multiple virulence factors, including pertussis toxin, adenylate cyclase toxin, dermonecrotic toxin, FHA, pertactin, tracheal colonization factor, BrkA, and fimbriae. The adsorption studies with a BvgϪ mutant suggest that antibodies to Bvg-regulated proteins can be bactericidal. While we have not identified which Bvg-regulated proteins FIG. 6 . Serum titers of IgG (A) and IgA (B) to pertussis toxin (PT), FHA, pertactin (69K), and fimbriae (FIM) were determined as previously described (21, 23, 24) .
FIG. 7.
Bactericidal antibodies in convalescent-phase serum. The radial diffusion assay was used to determine the bactericidal activity against BPM2041, the BrkA mutant. Untreated and adsorbed samples from infected individuals (volunteers 1 to 4) were supplemented with 50% guinea pig serum and tested for bactericidal activity. Control, untreated serum; adsorbed MLT7, adsorbed with LPS mutant; adsorbed Bvg Ϫ , adsorbed with avirulent strain, BP347; adsorbed WT, adsorbed with wild-type strain, BP338.
elicit bactericidal activity, bactericidal activity did not correlate with the presence of antibodies to either pertussis toxin or FHA or with immunization with a vaccine containing only these two antigens. Several explanations could account for this. These samples could contain only antibodies incapable of activating complement (IgG4 or IgA). Alternatively, pertussis toxin and FHA may not be capable of acting as bactericidal targets. We favor the latter explanation, since pertussis toxin is secreted and FHA is only loosely associated with the bacterial surface. Surface association is a property that is essential for directing the membrane attack complex to the membrane. Of the protein antigens that are being considered for the expanded-spectrum acellular vaccines, only pertactin and fimbriae are surface localized. Pertactin has been shown to elicit bactericidal antibodies (12) , and acellular vaccines containing pertactin have been reported to give better protection than vaccines lacking this component (13, 30) . Its role as a bactericidal target needs to be evaluated further in vaccine recipients that have received this antigen.
In addition to Bvg-regulated antigens, bactericidal antibodies to LPS accounted for some of the bactericidal activity in the sera from individuals convalescing from natural infection. LPS has been intentionally removed from the new acellular vaccines because of the potential toxicity of the lipid A component. Our studies suggest that antibodies to the terminal trisaccharide appear to be sufficient to elicit bactericidal activity. If the toxic lipid A portion of LPS could be separated from the protective portion, this antigen may be safe for vaccine use.
LPS has been reported to induce antibodies of all IgG classes (15, 16, 17, 19, 39) . In some diseases the subtype of the IgG that participates in the response to LPS has been shown to have important clinical implications. In Southeast Asia, melioidosis, caused by Burkholderia pseudomallei, is often a fatal disease. In one study, survivors of systemic melioidosis were found to have an IgG3 response to the LPS of B. pseudomallei. In contrast, individuals who succumbed, who experienced less severe local infection, or who had serologic evidence of previous asymptomatic infection failed to produce IgG3 antibodies to LPS but had detectable IgG1 and IgG2 responses to LPS (15) . Serum with IgG3 antibodies to LPS was more effective at mediating opsonic killing of B. pseudomallei. In another example, IgG1 and IgG3 responses to LPS have been shown to be harmful. Guillain-Barré syndrome is a rare neurological disease thought to result when an infection triggers an autoimmune response against peripheral nerves. The LPS of C. jejuni contains a ganglioside-like epitope that appears to induce autoantibodies (17, 39) . Guillain-Barré syndrome was observed in individuals who generated an IgG1 or IgG3 response to LPS following C. jejuni infection but was not observed in individuals who generated an IgG2 response (17, 39) . In animal models neurologic damage has been shown to be complement-dependent, and IgG3 and IgG1 antibodies fix complement better The bactericidal activity against B. pertussis LPS was also associated with the presence of certain IgG subtypes, specifically the presence of IgG3, the subtype that is most efficient at fixing complement. The lack of an IgG2 response was expected since IgG2 antibodies are T cell independent. Cross-linking of B-cell receptors (surface IgM) is required (14) , and that occurs only with polyvalent antigens. B. pertussis LPS is not polyvalent. The other IgG subtypes require T-cell help, and the choice is determined by the cytokine milieu when the response is generated. High levels of antibody production and the IgG1, IgG2, and IgG4 subclasses are associated with interleukin 4 cytokine production and the Th2 (helper) T-cell response, while gamma interferon production and the Th1 T-cell response promote IgG3 antibody production (6, 33) . Several recent reports have suggested a role for Th1 help in immunity to pertussis (3, 22, 32, 34) . A tendency toward a Th1 response has been shown to occur in infected individuals (34) and with some, but not all, vaccines (3). Consistent with this, in our study, most individuals had an IgG1 response to B. pertussis LPS but only infected individuals had an IgG3 response. The Th1 response has also been correlated with more effective immune clearance in a mouse model of pertussis (22, 32) . Whether increased bactericidal clearance is responsible for the enhanced immune response remains to be determined.
The ideal pertussis vaccine, one that prevents carriage of the bacteria as well as disease, seems to be possible to achieve, but it may require a new approach to vaccine development. It is well recognized that an immune response can be beneficial, harmful, or even neutral. We have found that antibodies can be beneficial or neutral in terms of promoting bactericidal activity to B. pertussis. Previous attempts to identify an antibody correlate of immunity to pertussis have not met with much success (1, 13, 30) . This preliminary study suggests that it may be possible to obtain this important information, but it is not enough to determine what antigens are recognized by the Fab region of the antibody. This information must be correlated with the effector functions that can be performed by the constant region. Assessing the development of functional immunity, such as neutralization of toxin activity, blocking of bacterial adherence, and opsonization, as well as activation of complement and bacterial killing, needs to be considered when designing the next generation of acellular vaccines. In addition, the ability to distinguish a protective from a nonprotective immune response has taken on a greater importance following the appearance of the recent report that suggests vaccine use may select for antigenic variants of B. pertussis (26) .
We have described a simple and sensitive method by which to characterize bactericidal antibodies in human serum samples. Applying this technique to a larger human sample will generate important information on the ability of specific antigens to generate a bactericidal immune response and their possible roles in immunity to pertussis.
